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a  b  s  t  r  a  c  t
This study  was  conducted  to evaluate  the  effect  of  supplemental  levels  of vitamin  A (0, 2500,
5000,  10,000,  and  20,000  IU/kg  diet)  on the  growth  performance,  hematology,  immune
response  and  resistance  of  Nile  tilapia,  Oreochromis  niloticus  to  Streptococcus  iniae  challenge.
Each  diet  was  fed  to Nile  tilapia  (initial  weight,  5.26  ± 0.10  g)  in  quadruplicate  aquaria  to
apparent  satiation  twice  daily  for 10  weeks.  The  results  indicate  that  vitamin  A  is a dietary
essential  for  Nile  tilapia.  After  2 weeks  of  feeding,  ﬁsh  fed  the  vitamin  A  unsupplemented
diet  exhibited  signiﬁcantly  lowest  weight  gain,  feed  intake  and  feed  efﬁciency  ratio  than
those of  other  treatments.  Dietary  vitamin  A levels  had  no  effect  on  survival.  Other  gross
deﬁciency  signs  observed  during  the  10-week  trial  were  hemorrhages,  operculum  defor-
mity,  ﬁn  erosion,  darker  body  coloration  and  lethargy.  Signiﬁcantly  lower  hepatosomatic
index  and hematological  parameters  (except  white  blood  cell  count)  were  also  recorded  in
ﬁsh  fed  the  vitamin  A  unsupplemented  diet.  The  resistance  of  erythrocytes  to  hemolysis  in
hypotonic  solutions  was  lowest  in  ﬁsh  fed  vitamin  A unsupplemented  diet  and  increased
with  increasing  vitamin  A  supplementation.  A supplemental  level  of  vitamin  A  of  3910  IU/kg
diet was  sufﬁcient  to prevent  these  deﬁciency  signs  in  juvenile  Nile  tilapia.  Serum  protein,
lysozyme  activity  and superoxide  anion  production  were  enhanced  by  supplementation  of
vitamin  A,  whilst  serum  total immunoglobulin  and  spontaneous  complement  activity  were
not affected  by  dietary  treatments.  Dietary  supplementation  of vitamin  A  had  no effect  on
the  resistance  of Nile  tilapia to S. iniae  infection  challenge  and antibody  production  against
the  same  bacterium.
© 2013 Elsevier B.V. All rights reserved.
. Introduction
In intensive aquaculture ﬁsh are exposed to numerous stressors during the production cycle that directly or indirectly
ffect their immune response and resistance to infectious microorganisms present in the culture environment. Mortality
ue to infectious diseases has been identiﬁed as a major economic loss to aquaculture industry. Numerous studies have
een conducted trying to identify management practices that may  minimize disease loss due to stress factors. Among the
pproaches used, nutritional modulation of ﬁsh health has been more intensively studied. Research in ﬁsh, although limited,
as shown that essential dietary nutrients, particularly vitamins and minerals, affect the immune system function and
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susceptibility to disease-causing agents (Lim et al., 2008). Among all vitamins that have been found to be dietary essentials
for ﬁsh, a water-soluble vitamin, vitamin C, and a fat-soluble vitamin, vitamin E, are the most extensively studied vitamins
for their inﬂuence on immunity and disease resistance. However, few studies have evaluated the inﬂuence of vitamin A on
ﬁsh health.
Vitamin A, a fat-soluble vitamin, is involved in a number of physiological processes including, hematopoiesis, differenti-
ation and maintenance of epithelial cells, bone development, reproduction and vision (Tomkins and Hussey, 1989; Rumore,
1993; Chambon, 1996; Semba, 1998; Stephensen, 2001; Duester, 2008). Thus, it is considered an essential nutrient for nor-
mal  growth and development of an organism. Quantitative requirements of vitamin A for several ﬁsh species have been
determined but the values vary among species (NRC, 1993, 2011). The vitamin A requirement for tilapia has been reported
to range between 5000 and 6970 IU/kg diet (Saleh et al., 1995; Hu et al., 2006; Campeche et al., 2009). Vitamin A deﬁciency
symptoms reported for various ﬁsh species include hemorrhages, retarded growth, poor feed efﬁciency, anorexia, abnor-
mal  coloration, bone deformity, ﬁn erosion, exophthalmia, eyes lesions and hemorrhages, increased erythrocyte osmotic
fragility, anemia, lethargy and high mortality (Blazer, 1992; NRC, 1993, 2011; Mohamed et al., 2003).
In addition to the above indicated functions, vitamin A has been identiﬁed to play an important role in the immune
system (both innate and adaptive immunity) therefore helping to protect against infections in a number of ways (Tomkins
and Hussey, 1989; Semba, 1998; Stephensen, 2001). In mammals, vitamin A displays potent anti-tumor activity (Kashida
et al., 1998) and enhances both humoral and cell-mediated immunity (Tomkins and Hussey, 1989; Semba, 1998; Stephensen,
2001). In ﬁsh, it has been shown that high dietary levels of vitamin A enhanced certain immune functions such as kidney
leucocyte migration and serum bactericidal activity in Atlantic salmon Salmo salar (Thompson et al., 1994), serum com-
plement, antiprotease activity, leukocyte migration, serum complement activity and phagocytic activity in rainbow trout,
Oncorhynchus mykiss (Thompson et al., 1995; Amar et al., 2000), respiratory burst activity in gilthead seabream, Sparus aurata
(Cuesta et al., 2002) and serum antibacterial activity in Japanese ﬂounder, Paralichthys olivaceus (Hernandez et al., 2007).
Tilapia is one of the most widely and successfully cultured species worldwide. However, limited information is available
with respect to the effects of dietary vitamin A on growth and health of tilapia. Thus, this study was conducted to evaluate
the inﬂuence of various dietary levels of vitamin A on growth performance, hematology, immune response, and resistance
of Nile tilapia Oreochromis niloticus to Streptoccocus iniae challenge.
2. Materials and methods
2.1. Experimental ﬁsh and husbandry
Nile tilapia, O. niloticus, spawned and reared at our laboratory to juveniles on commercial fry and ﬁngerling diets were
acclimated to the experimental basal diet for 10 days prior to stocking. During this period they were fed the basal diet
(without added vitamin A) twice daily to apparent satiation. At the end of the acclimation period, ﬁsh with an average
weight of 5.26 ± 0.10 g were randomly selected and stocked in 20 57-l aquaria at a density of 35 ﬁsh/aquarium. Aquaria were
supplied with ﬂow-through dechlorinated, heated city water at an initial rate of about 0.6 l/min and increased gradually to
about 1.0 l/min by the 8th week. Water ﬂow rates were checked and adjusted twice daily to ensure proper water exchange.
The water was continuously aerated with air stones, and the photoperiod was  maintained on a 12:12-h light:dark schedule.
Dissolved oxygen (DO) and water temperature were measured every other day in four randomly chosen aquaria using YSI
model 58 Oxygen Meter (Yellow Spring Instrument Co., Inc., Yellow Spring, Ohio). During the trial, water temperature and
DO averaged 26 ± 0.6 ◦C and 6.2 ± 0.3 mg/l, respectively.
2.2. Experimental diets and feeding
A basal semipuriﬁed diet (control diet) was formulated to contain approximately 340 g/kg crude protein, 60 g/kg lipid
and 13.40 MJ/kg digestible energy (DE) based on the feedstuff values reported in NRC (1993) (Table 1). The basal diet was
supplemented with four levels of vitamin A (2500, 5000, 10,000, 20,000 IU/kg diet) from retinyl acetate with 500,000 IU/g
activity (US Biochemical Corp., Cleveland, USA), at the expense of celluﬁl. The dry ingredients of each diet were thoroughly
mixed in a Hobart mixer (Hobart Corp., Troy, Idaho, USA) before the oil was  added. After the oil was diffused into the
mixture, approximately 250 ml  of deionized water per kg of diet was  added. The moist mixture was extruded through a
3-mm diameter die in a Hobart meat grinder. The resulting moist pellets were air-dried at room temperature to a moisture
content of about 100 g/kg. Pellets were ground into small pieces, sieved to obtain approximate sizes and stored frozen in
plastic bags at −20 ◦C until fed.
Vitamin A levels of diets were analyzed in duplicate at the Thad Cochran National Warmwater Aquaculture Center,
Mississippi State University, Stoneville, Mississippi.Fish in four randomly assigned aquaria were fed one of the ﬁve experimental diets twice daily (between 0730–0830
and 1500–1600 h) to apparent satiation for 10 weeks. The amount of diet consumed was  recorded daily by calculating the
difference in weight of diets prior to the ﬁrst and after the last feeding. Once a week, aquaria were scrubbed and accumulated
wastes siphoned. On cleaning days, ﬁsh were fed only in the afternoon. Fish in each aquarium were group-weighed and
128 I.G. Guimarães et al. / Animal Feed Science and Technology 188 (2014) 126– 136
Table 1
Composition and proximate nutrient content of the basal diet.
Ingredients g/kg
Casein vitamin-free 320
Gelatin 80
Corn starch 330
Soybean oil 60
Vitamin premix (vitamin A-free)a 10
Mineral premixb 40
CMC 30
Celuﬁl 130
Ethoxyquin 0.2
Proximate analysis (g/kg air dry weight basis)
Moisture 92.2
Crude protein 328.6
Lipid 53.4
Ash 36.4
a Vitamin A-free vitamin mix, diluted in cellulose, provided the following in mg/kg diet: vitamin D3 (1000,000 IU/g), 2; vitamin K, 10; thiamin, 10;
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biboﬂavin, 12; pyridoxine, 10; d-calcium panthothenate, 32; nicotinic acid, 80; folic acid, 2; vitamin B12, 0.01; biotin, 0.2; choline chloride, 400.
b Williams and Briggs (1963) salt mixture (U.S. Biochemical Co., Cleveland, Ohio) supplemented in mg/kg diet with cobalt chloride hexahydrate
CoCl2·6H2O), 4.00; aluminum potassium sulfate dodecahydrate [AlK(SO4)2·12H2O], 5.18 and sodium selenite (Na SeO3), 0.32.
ounted at 2-week intervals. Feed was not offered on sampling days. During the experiment, ﬁsh mortality was  recorded
nd gross signs of vitamin A deﬁciency were observed daily, before each feeding.
.3. Fish sampling and sample collection
Before each sampling, ﬁsh were starved for 18–24 h. Fish were also anesthetized with tricaine methanesulfonate (MS-222;
rgent Chemical Laboratories, Redmond, WA,  USA) at 150 mg/l prior to handling, sampling or bacterial challenge. Fish in each
quarium were group weighed and counted biweekly for determination of weight gain (WG) and survival. Blood samples
rom two ﬁsh/aquarium at the end of weeks 4 and 8, and three ﬁsh/aquarium at the end of week 10 were collected from the
audal vein using heparinized (100 IU/ml) tuberculin syringes for haematological and erythrocyte osmotic fragility (wk  10
nly) assays. At the end of week 10, four additional ﬁsh/aquarium were also bled using non-heparinized tuberculin syringes
nd blood allowed to clot overnight at 4 ◦C. Serum samples were collected following centrifugation at 1000g for 10 min
nd stored at −80 ◦C for subsequent immunological assays. A group of an additional four ﬁsh/aquarium was transferred to
nother set of aquarium for intraperitonel (IP) injection of squalene (Sigma-Aldrich, St. Louis, MO,  USA) as the attractant for
acrophages and the cells were isolated as described by Lim et al. (2009). The number of tilapia remaining in each of the
our replicate aquaria was adjusted to eighteen prior to bacterial challenge.
At the end of the 10 week growth trial, livers from ﬁve ﬁsh per aquarium that had been bled for hematological and
erological assays were removed and individually weighted along with their corresponding ﬁsh for determination of the
epatosomatic index (HSI).
.4. Hematological assay and erythrocyte osmotic fragility
Red and white blood cell counts were performed in duplicate for each sample by diluting (1:10,000) whole blood in
hosphate buffer saline (PBS) and enumerating in a Spencer Bright Line hemacytometer. Hemoglobin was  determined
sing a cyanomethemoglobin method (Sigma Chemical Co., St. Louis, Missouri). Hemoglobin values were adjusted by
he cyanomethemoglobin correction factor for channel catﬁsh described by Larsen (1964). Hematocrit of each ﬁsh was
etermined in duplicate using the microhematocrit method (Brown, 1988).
Erythrocyte osmotic fragility (EOF) from each of the three ﬁsh per tank was performed using the method of gradient
aline solutions as described by Ezell et al. (1969) with some modiﬁcations. Brieﬂy, 8 l of blood was  added to 2 ml  salt
NaCl) solutions at concentrations from 0.00% to 0.90%, in increments of 0.10% NaC1 using 24-well plates. After incubation
t room temperature for 30 min, the plates were centrifuged at 800g for 10 min. Supernatant (300 l) was  transferred to
6-well microtiter plates and the absorbance of the samples was read at 415 nm.  The percent hemolysis was  calculated
elative to the 100% hemolysis values obtained from the 0% saline.
.5. Nonspeciﬁc immune responses
Serum from each of the four ﬁsh per tank was assayed in duplicate for serum total protein concentration by the modiﬁed
iuret method using a total protein reagent (Sigma-Aldrich). Serum total protein concentrations were calculated using
ovine serum albumin as an external standard.
Serum total immunoglobulin was determined following the method of Siwicki and Anderson (1993). The assay was
ased on the measurement of total protein content in serum before and after precipitating the immunoglobulin molecules
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employing a 12% polyethylene glycol (PEG) solution (10,000 MW,  Sigma-Aldrich). The difference in protein content between
the total serum protein of the sample and PEG treated sample represents the total immunoglobulin content.
Serum lysozyme activity was determined by the method of Litwack (1955) as modiﬁed by Sankaran and Gurnani (1972)
by measuring the lytic activity of the lysozyme in serum against Gram-positive bacterium Micrococcus lysodeikticus (Sigma
Chemical Co.).
Spontaneous haemolytic complement activity was  determined using the method reported by Sunyer and Tort (1995) and
modiﬁed for use in microtiter plates (Lim et al., 2009).
The respiratory burst of phagocytic cells, based on superoxide anion (O2−) production, was measured by a nitroblue
tetrazolium (NBT) reduction assay following the method of Secombes (1990) and modiﬁed for use in microtiter plates (Lim
et al., 2009). Quadruplicate monolayers of previously isolated peritoneal macrophage-rich leucocytes (1 × 106 cells/well)
were used for this assay.
2.6. Bacterial challenge and agglutination antibody titer
Frozen stock-culture of S. iniae (ARS 98-60) originally from an outbreak of streptococcal disease in Nile tilapia was  grown
in tryptic soy broth (TSB) at 25 ◦C with shaking at 100 rpm for 18 h. The concentration of the culture was adjusted to an
optical density of 1.03 measured on a Biorad SmartSpec 3000 spectrophotometer (Bio-Rad Laboratories, Hercules, CA, USA)
at 540 nm to give a S. iniae concentration of 1 × 109 colony forming unit (cfu)/ml. The desired bacterial concentration was
prepared by diluting with sterile medium. Eighteen ﬁsh/aquarium were challenged by intra-peritoneal (IP) injection with
100 l of S. iniae culture containing 1 × 104 cfu/ml (1 × 103 cfu/ﬁsh). Each group of ﬁsh continued to be fed twice daily with
the same experimental diet that was assigned in the growth trial. Fish mortality was  recorded twice daily for 21 days.
At the end of the challenge trial (day 22), blood samples were collected from four randomly chosen surviving ﬁsh. Serum
samples were collected and stored as described above until assayed. Agglutinating antibody titers against S. iniae in pre-
and post-challenge serum samples were determined by modifying the method of Chen and Light (1994) as described in
Yildirim-Aksoy et al. (2007). Data on pre-challenged antibody titers indicated that all ﬁsh were negative for S. iniae. The
agglutination end point was established as the last serum dilution in which cell agglutination was visible after incubation.
Agglutination titers were reported as log10 of the reciprocal of the highest serum dilution showing visible agglutination
compared with the positive control.
2.7. Statistical analysis
The concentration of dietary vitamin A was the ﬁxed factor in this study. Data were analyzed using PROC MIXED (SAS
Institute, Inc., Cary, NC, USA) for a one-way analysis of variance (ANOVA). For response variables that were signiﬁcantly
different, pairwise comparisons between treatment means were made using the Duncan Multiple Range Test. When the
quadratic term in the model was statistically signiﬁcant, the relationship between vitamin A level and the measured param-
eter was further evaluated using PROC NLMIXED (Robbins et al., 2006) to determine the response curve and estimate the
optimum vitamin A requirement level in relation to the measured parameter. A signiﬁcance level of P ≤ 0.05 was used for
all statistical analyses.
3. Results
Determined vitamin A values were 0, 1948, 4023, 8666, 17,534 IU for diets with added vitamin A levels of 0, 2500, 5000,
10,000, 20,000 IU/kg, respectively.
After 10 days of feeding the basal diet without vitamin A supplemention (acclimation period) hemorrhages around the
snout areas were observed in all ﬁsh at stocking. This symptom disappeared ﬁve days after feeding the diet supplemented
with 2500 IU/kg of vitamin A, while it took only two  days to disappear in ﬁsh fed higher levels of vitamin A supplementation.
This symptom persisted in ﬁsh fed the vitamin A-unsupplemented diet. Approximately after six days into the feeding trial,
decreased appetite (anorexia) was observed in ﬁsh fed the vitamin A unsupplemented diet. By the end of week 2, the average
weight gain (WG), dry matter feed intake (FI) and feed efﬁciency ratio (FER) of ﬁsh in this treatment were signiﬁcantly lower
than those of ﬁsh in other treatments (Fig. 1). This trend continued until the end of the 10-week feeding trial (Table 2).
Hemorrhages at the base of the pectoral and dorsal ﬁns, on the surface of operculum, caudal ﬁn erosion and hemorrhages,
and dark body coloration in ﬁsh fed the vitamin A unsupplemented diet were observed after 3 weeks. At week 8, some ﬁsh in
this treatment showed operculum deformity and resting on the bottom of tanks (lethargy). At the end of week 10, when ﬁsh
were handled during bleeding, some vitamin A deﬁcient ﬁsh showed skeletal deformities. Although ﬁsh showed a pattern
of severe vitamin A deﬁciency, no mortality was  recorded and survival did not differ among treatments (Table 2). None of
these symptoms were observed in ﬁsh fed diets supplemented with vitamin A (2500 to 20,000 IU/kg diet). Using the PROC
NLMIXED to estimate the response curves for week 10 data, the estimated supplemental levels of vitamin A for optimum
WG,  FI and FER were 3505, 3545 and 2195 IU/kg diet, respectively.
Fish fed the vitamin A unsupplemented diet had signiﬁcantly lower hepatosomatic index (HSI) relative to the groups fed
vitamin A supplemented diets (Fig. 2). The values of this variable did not differ among ﬁsh fed vitamin A supplemented diets.
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Fig. 1. Biweekly changes in weight gain (a), feed intake (b), and feed efﬁciency ratio (FER) (c) of Nile tilapia (initial weight, 5.26 ± 0.10 g) fed semipuriﬁed diets supplemented with various levels of vitamin A for
10  weeks. Values are means of four replicate tanks per treatment.
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Table 2
Mean values of weight gain, feed intake and feed efﬁciency ratio (FER, dry mater basis) and survival of Nile tilapia fed puriﬁed diets supplemented with
various levels of vitamin A for 10 weeksa.
Dietary vitamin A (IU/kg) Weight gain (g) Dry matter feed intake (g) FERb Survival (%)
0 10.49y 11.09y 0.95y 99.29
2500  49.85z 40.76z 1.22z 97.84
5000  55.11z 44.33z 1.24z 98.55
10,000  51.79z 44.84z 1.16z 99.29
20,000  53.21z 44.17z 1.21z 100
SEM  0.769 0.632 0.012 0.399
ANOVA P-value <0.0001 <0.0001 <0.0001 0.94
Regressionc
Quadratic r2-value 0.64 (0.0014) 0.70 (0.0003) 0.40 (0.087) 0.06 (0.918)
Broken-line r2-value 0.97 (<0.0001) 0.97 (<0.0001) 0.79 (<0.0001) 0.50 (0.67)
Requirement (IU/kg)
Broken-line 3505 3545 2195 NA
a Values are means of four replicates per treatment. Means in the same column with different superscripts are signiﬁcantly different at P < 0.05.
b FER: weight gain (g)/dry fed (g).
c Values within parenthesis correspond to regression P-values.Fig. 2. Hepatosomatic index (HSI) of Nile tilapia after 10 weeks of feeding with semipuriﬁed diets supplemented with various levels of vitamin A. Values
are  means of ﬁve ﬁsh per tank and four tanks per treatment. Bars with different letters are signiﬁcantly different from one another at P < 0.05.
At the end of week 4, red blood cell counts (RBC), hemoglobin (Hb) and hematocrit (Ht) of ﬁsh fed vitamin A unsup-
plemented diets were signiﬁcantly lower than those of ﬁsh in other treatments (Fig. 3). This trend remained unchanged
until the end of the feeding trial (week 10). At the end of week 4, white blood cell count (WBC) of ﬁsh fed the vitamin A
unsupplemented diet was similar to those of ﬁsh fed vitamin A supplemented diets. By week 8, ﬁsh fed diets supplemented
with the three lowest supplemental levels (0, 2500 and 5000 IU) of vitamin A had signiﬁcantly lower WBC  than those of
ﬁsh fed the two highest levels (10,000 and 20,000 IU) of vitamin A supplemented diets. At the end of the feeding trial, ﬁsh
fed vitamin A-unsupplemented diets had signiﬁcantly lower WBC  relative to the ﬁsh fed diet supplemented with 2500 IU
vitamin A, but did not differ from other treatments. Using the PROC NLMIXED to estimate the response curves for week 10
data, the estimated supplemental levels of vitamin A required for optimum RBC, WBC, Hb and Ht were 3910, 2210, 2425
and 2345 IU/kg diet, respectively.
Osmotic fragility of erythrocytes from ﬁsh fed the vitamin A unsupplemented diet was signiﬁcantly different from those
of ﬁsh in other treatments (Fig. 4). Erythrocytes from ﬁsh fed the diet without added vitamin A were the most susceptible
to hemolysis under hypotonic saline conditions. The susceptibility of erythrocytes to hemolysis progressively decreased
with increasing supplemental levels of vitamin A with erythrocytes from ﬁsh fed the highest dietary level of vitamin A
(20,000 IU/kg) were the most resistant. Salt concentrations in saline solutions that caused 50% erythrocyte hemolysis in
ﬁsh fed the unsupplemented diet and the diet with the highest supplemental level of vitamin A were highest and lowest,
respectively.
Innate immune responses (serum protein, total immunoglobulin, lysozyme activity, spontaneous hemolytic comple-
ment activity, and superoxide anion production) are shown in Table 3. Serum protein concentration of ﬁsh fed the vitamin
A-unsupplemented diet was signiﬁcantly lower than that of ﬁsh fed the highest vitamin A level (20,000 IU/kg). The value
of this parameter was intermediate for ﬁsh fed vitamin A supplemented diets at levels of 2500 to 10,000 IU/kg. Total
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Fig. 3. Red blood cell count, RBC (a), white blood cell count, WBC  (b), hemoglobin, Hb (c), and hemotocrit, Ht (d) of Nile tilapia after 4, 8 and 10 weeks of
feeding  with semipuriﬁed diets supplemented with various levels of vitamin A. Values are means of two  determination per ﬁsh, two ﬁsh per tank at the
end  of weeks 4 and 8, and three ﬁsh per tank at the end week 10 and four tanks per treatment. Bars with different letters are signiﬁcantly different from
one  another at P < 0.05.
Table 3
Mean values of serum protein, total immunoglobulin (Ig), lysozyme activity, spontaneous hemolytic complement activity, and superoxide anion production
of  Nile tilapia fed puriﬁed diets containing various levels of vitamin A for 10 weeksa.
Dietary vitamin A (IU/kg) Serum protein
(mg/ml)b
Total immunoglobulin
(mg/ml)b
Lysozyme
activity (g/ml)b
Spontaneous complement
(units/ml)b
Superoxide anion
production (OD630nm)c
0 38.95y 4.41z 53.81yv 198.62zy 0.069y
2500 42.05zy 4.82z 41.00vu 174.15zy 0.063y
5000 42.41zy 4.66z 85.75z 220.25z 0.226z
10,000 41.85zy 4.33z 61.30y 137.96y 0.230z
20,000 43.72z 5.43z 33.81u 144.99y 0.078y
SEM 0.488 0.392 2.582 8.535 0.018
ANOVA P-value 0.103 0.903 0.0007 0.055 0.024
Regressiond
Quadratic r2-value 0.33 (0.09) 0.07 (0.66) 0.42 (0.04) 0.29 (0.13) 0.80 (0.013)
Broken-line r2-value 0.52 (0.238) 0.52 (0.92) 0.54 (0.88) −0.77 (0.13) 0.57 (0.22)
a Means in the same column with different superscript letter are signiﬁcantly different at P < 0.05.
b Means represent the values of two determinations per ﬁsh, four ﬁsh per tank and four tanks per treatment.
c Values are means of three determinations of pooled samples of four ﬁsh per tank and four tanks per treatment.
d Values within parenthesis correspond to regression P-values.
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Fig. 4. Erythrocyte osmotic fragility of Nile tilapia after 10 weeks of feeding with semipuriﬁed diets supplemented with various levels of vitamin A. Values
are  means of one determination per ﬁsh, three ﬁsh per tank and four tanks per treatment.
Table 4
Mean number of days to ﬁrst mortality, cumulative mortality of Nile tilapia 21 d post-challenge with Streptococcus iniae and antibody production against
the  same bacteriuma.
Dietary vitamin A (IU/kg) Days to ﬁrst mortality Cumulative mortality (%) Antibody titer (log10)
0 2.1 19.4 1.85 ± 0.78
2500  1.4 20.8 1.90 ± 0.42
5000  1.7 31.9 1.92 ± 0.30
10,000 1.2 27.8 1.65 ± 0.37
20,000 1.2 29.2 1.90 ± 0.24
SEM  0.124 4.143 3.728
ANOVA P-value 0.17 0.73 0.87
Regressionb
Quadratic r2-value 0.65 (0.18) 0.99 (0.41) 0.34 (0.54)
Broken-line r2-value −0.62 (0.12) 0.60 (0.34) 0.46 (0.23)a Values are means of four replicates per treatment. No signiﬁcant differences were observed among treatment means at P > 0.05.
b Values within parenthesis correspond to regression P-values.
immunoglobulin was not inﬂuenced by supplemental levels of vitamin A. Lysozyme activity was  signiﬁcantly highest and
lowest in ﬁsh fed dietary vitamin A at levels of 5000 and 20,000 IU/kg, respectively and was intermediate for other treat-
ments. Serum spontaneous complement activity (SH50) was  highest in ﬁsh fed the diet supplemented with 5000 IU/kg
vitamin A. This value was signiﬁcantly higher than those of ﬁsh fed diets with 10,000 and 20,000 IU/kg of vitamin A but
did not signiﬁcantly differ from those of ﬁsh fed lower levels of vitamin A supplementation (0 and 2500 IU/kg). Fish fed
diets supplemented with 5000 and 10,000 IU/kg of vitamin A had similar superoxide anion production values which were
signiﬁcantly higher than those receiving other dietary treatments. Increasing the supplementation level of vitamin A to
20,000 IU/kg diet, however, did not signiﬁcantly stimulate superoxide anion production over that of the control.
No signiﬁcant differences were observed in cumulative mortality, number of days to ﬁrst mortality (onset mortality) and
antibody titer against S. iniae after 21 days of challenge with S. iniae of ﬁsh fed the various supplemental levels of vitamin A
(Table 4).
4. Discussion
Fast growing Nile tilapia juveniles were very sensitive to vitamin A deﬁciency. Hemorrhages on the snout area were
observed after 10 days of acclimation to the vitamin A-deﬁcient control diet. Other deﬁciency signs observed during the
10-wk feeding trial were anorexia, poor growth and feed efﬁciency, hemorrhages at the base of ﬁns and on operculum,
operculum deformity, caudal ﬁn erosion, darker body coloration and lethargy. None of these deﬁciency signs were observed
in ﬁsh fed vitamin A supplemented diets. Similar deﬁciency signs have been reported in earlier studies with Nile tilapia
(Saleh et al., 1995; Campeche et al., 2009), hybrid tilapia, O. niloticus × O. aureus (Hu et al., 2006), common carp, Cyprinus
carpio (Aoe et al., 1968; Yang et al., 2008), greasy grouper Epinephelus tauvina (Mohamed et al., 2003) and salmonids (Halver,
2002). However, other deﬁciency signs such as exophthalmia, eye lesions and increased mortality reported for some species
(Kitamura et al., 1967; Aoe et al., 1968; Poston and Livingston, 1971; Saleh et al., 1995; Yang et al., 2008) were not observed
in the current study. In red sea bream Chrysophris major, growth reduction was the only deﬁciency sign observed after 55
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ays of feeding the vitamin A-deﬁcient diet (Hernandez et al., 2004). Supplementation of vitamin A at 3545 IU/kg diet was
ufﬁcient to prevent the gross deﬁciency signs in juvenile Nile tilapia.
The liver plays a major role in the metabolism, uptake, storage and release of vitamin A (Batres and Olson, 1987). In
sh, dietary deﬁciency of vitamin A has been shown to cause liver damage and reduced liver size. Taveekijakarn et al.
1994) observed that cherry salmon Oncorhynchus masou,  fed the vitamin A deﬁcient diet for 22 weeks exhibited liver
amage, including separation of hepatic lamina, and atrophied and necrotized hepatocytes. In the present study, although
istopathological examination was not performed, ﬁsh fed the vitamin A unsupplemented diet had lower liver weight as
videnced by signiﬁcantly reduced HSI. A signiﬁcant reduction of HSI was also demonstrated in common carp fed the vitamin
-deﬁcient diet (Yang et al., 2008). In Japanese ﬂounder, Hernandez et al. (2007), observed no signiﬁcant differences in HSI
mong ﬁsh fed different levels of dietary vitamin A, but lower values were recorded in ﬁsh fed the diet without supplemental
itamin A.
In humans, a close relationship between vitamin A deﬁciency and anemia has been long recognized (Semba and Bloem,
002). However, because anemia may  occur from other nutritional deﬁciencies as well, the epidemiology and pathogen-
sis of vitamin A deﬁciency anemia have not been well established. According to Semba and Bloem (2002), the biological
echanisms by which vitamin A deﬁciency could cause anemia can be grouped into three broad categories: enhancement of
rowth and differentiation of erythrocyte progenitor cells, modulation of immunity to infectious diseases and reduction of
nemia during infection, and mobilization of stored iron from tissues. Donoghue et al. (1981) suggested that hematological
riteria and serum chemistry may  be more sensitive indicators of vitamin A deﬁciency than growth. However, there is a
aucity of information regarding the effect of dietary levels of vitamin A on hematology of ﬁsh. In the present study, ﬁsh fed
he diet without vitamin A supplementation developed severe anemia as shown by signiﬁcantly reduced RBC, hemoglobin
nd hematocrit at week 4, 8 and 10. The values of this variable did not signiﬁcantly differ among vitamin A supplemented
reatments. The markedly lower erythrocyte and signiﬁcantly lower leukocyte counts were also observed in Jian carp C.
arpio (Yang et al., 2008) and cherry salmon (Taveekijakarn et al., 1994) fed vitamin A-deﬁcient diets. Severe atrophy in
ematopoietic tissue was reported in cherry salmon fed vitamin A-deﬁcient diet, even though hematological parameters
ere not affected (Taveekijakarn et al., 1994). Based on the response curve determined at week 10 using PROC NLMIXED,
 supplemental level of vitamin A of 3910 IU/kg diet was  required to prevent anemia in juvenile Nile tilapia. This level was
igher than that required for optimum growth and prevention of gross deﬁciency signs (3545 IU/kg).
Erythrocytes from ﬁsh fed the diet without vitamin A supplementation were signiﬁcantly more fragile to hypotonic salt
olutions than those from the groups fed vitamin A supplemented diets. There was  a trend of increasing the resistance of
rythrocytes to hypotonic salt solution with increasing levels of vitamin A supplementation. Less fragile erythrocytes in
ypotonic solutions was also reported in Atlantic salmon fed a diet supplemented with astaxanthin, which has provitamin
 effect (Christiansen et al., 1995). Since vitamin A plays major roles in hematopoiesis and maintaining cell membrane
ntegrity (Tomkins and Hussey, 1989; Semba, 1998; Semba and Bloem, 2002), the increase in cell wall strength in ﬁsh fed
itamin A supplemented diets was not surprising, though its precise role has not been deﬁned. The antioxidant effect of this
itamin may  also aid in maintaining cell membrane integrity (Palace et al., 1999).
Vitamin A is among the most extensively studied vitamins for its inﬂuence on immunity in humans due to its requirement
or normal functioning of the immune system. Vitamin A deﬁcient people are more prone to more severe infections and
ave a higher mortality than vitamin sufﬁcient people (Beaton et al., 1992; Fawzi et al., 1994). However, limited studies
ave been carried out on the effects of dietary vitamin A on immune function in ﬁsh and inconsistent results exist. For
nstance, immune parameters of salmonids seems to be unaffected by vitamin A supplementation, although a detrimental
ffect on immune parameters was observed in unsupplemented ﬁsh (Thompson et al., 1994, 1995); on the other hand,
ositive effects of vitamin A supplementation on some immune parameters (increased serum bactericidal activity, serum
omplement activity, total plasma immunoglobulin and phagocytic activity) were observed in Japanese ﬂounder (Hernandez
t al., 2007) and gilthead sea bream (Cuesta et al., 2002). In the present study, serum total immunoglobulin was not affected
y dietary levels of vitamin A, while serum lysozyme and complement activity decreased when supplemental levels of
itamin A increased to 10,000 or 20,000 IU/kg diet. Serum lysozyme activity, superoxide anion production and total protein
igniﬁcantly increased (relative to the control), in ﬁsh fed diets supplemented with 5000 and 10,000 and 20,000 IU vitamin
/kg diet, respectively.
Despite the enhancement effect of vitamin A supplementation on some innate immune parameters, no differences were
bserved among dietary levels of vitamin A supplementation on the onset of mortality and resistance of Nile tilapia to S.
niae infection, as well as antibody production against the same bacterium 21 days post challenge. Christiansen et al. (1995)
bserved that, relative to the non-supplemental group, Atlantic salmon fed a commercial diet supplemented with 60 mg
staxanthin/kg had signiﬁcantly reduced mortality 30 days after cohabitation challenge with Aeromonas salmonicida, even
hough serum hemolytic activity, speciﬁc antibody level and lysozyme activity in the head-kidney were unaffected. The
ifferences between the results of our study and that of Christiansen et al. (1995) may  be related to differences in species,
utritional status of ﬁsh, composition and nutrient content of diets, feeding management and duration, pathogenicity of the
acteria, and methods and dose of challenge.Results of the present study indicate that vitamin A is dietary essential for Nile tilapia as had been earlier reported for
ilapia and several other ﬁsh species (NRC, 1993, 2011). Deﬁciency signs observed included hemorrhages, retarded growth,
oor feed efﬁciency, dark coloration, skeletal deformity, ﬁn erosion, low HSI, increased erythrocyte osmotic fragility, anemia
nd lethargy. A supplemental level of vitamin A of 3910 IU/kg diet was  sufﬁcient to prevent these deﬁciency signs in juvenile
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Nile tilapia. This value, however, is lower than those earlier reported for Nile and hybrid tilapia (Saleh et al., 1995; Hu et al.,
2006, respectively), common carp (Aoe et al., 1968), yellowtail (Shimeno, 1991) and red sea bream (Hernandez et al., 2004),
but is comparable to those reported for rainbow trout (Kitamura et al., 1967), channel catﬁsh (Dupree, 1966) and greasy
grouper (Mohamed et al., 2003). The differences among the requirement values reported were likely due to several factors
such as differences in ﬁsh species, size, composition and nutrient content of the basal diet, feeding management, culture
period and conditions, and parameters evaluated. Increasing vitamin A supplementation higher than requirement level
enhanced some nonspeciﬁc immune responses and hematology, but had no effect on the resistance of Nile tilapia to S. iniae
infection challenge. In view of the results of the present study, the potential of using high levels of supplemental vitamin A
to improve the resistance of Nile tilapia to infectious disease is not warranted. However, more research is needed for better
understanding the effect of dietary vitamin A levels on immune response and disease resistance.
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